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a  b  s  t r  a  c  t
ZrB2 powders  were  synthesized  by  mechanical  alloying  (MA)  of the  mixture  of  elemental  Zr  and  B  powders
using  WC  vial  and  balls.  The  effect  of  the  initial  composition,  the  milling  time  on  MA  and  the  phase
changes during  MA  were  investigated.  Well-crystallized  ZrB2 powder  with  micrometer  size  was  received
by  directly  ball  milling  the  Zr/B  powder  mixtures.  Nanocrystalline  ZrB2 powders  were  received  by addingvailable online 23 August 2013
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ZrB2 powder  into  the  Zr/B  powder  mixture  as  a diluent  to exhibit  the  ignition  of  the  raw  powders.  The
phase  transformation  and  the  morphology  of  the  powders  were  characterized  by XRD  analysis  and  SEM
and TEM  observation.
©  2013  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
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. Introduction
Zirconium diboride displays a number of unique proper-
ies, including extremely high melting temperature, strength at
levated temperature, as well as high thermal and electrical con-
uctivities. This unique combination of properties makes ZrB2
andidate for a variety of applications including components on
uture hypersonic vehicles, high-temperature electrodes, cutting
ools, molten metal crucibles, components for corrosive environ-
ents and wear-resistant applications [1].
Because of strong covalent bonding and low self-diffusion,
igh temperatures, external pressures and sintering additives are
equired to densify diborides [2]. Besides, the sinterability of the
ommercially available ZrB2 powders is poor due to the large
icrometer particle size and the oxide (B2O3, ZrO2) ﬁlm coated on
he surfaces of ZrB2 particles. In order to reduce the ZrB2 particle
ize, mechanical methods like attrition or planetary milling in wet
onditions [3] and high-energy ball milling in dry conditions [4,5]
ere applied to produce submicron- or nanometer-size ZrB2. On∗ Corresponding authors. Tel.: +81 298592461; fax: +81 298592401.
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AKKA.Yoshio@nims.go.jp (Y. Sakka).
eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
187-0764 © 2013 The Ceramic Society of Japan and the Korean Ceramic Society.
roduction and hosting by Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jascer.2013.08.002
l
s
A
N
o
[
u
T
M
I
phe other side, ultraﬁne and nanocrystalline ZrB2 powders can be
ynthesized by a variety of routes, including borothermal reduction
6], solution based synthesis [7–9], and reactive processes [10–12].
n the reactive process, ZrB2 is produced by the reaction of ele-
ental precursor powders of Zr and B. The formation of ZrB2 is
xtremely exothermic (H0298 K = −323 kJ), the heat can ignite a
elf-propagating reaction in an uncontrolled manner [12]. How-
ver, in a mechanochemical process, pure and ﬁne ZrB2 can be
roduced under controlled heating at temperatures 600–1200 ◦C
sing mechanically activated Zr and B powder mixtures [10,11].
urthermore, plate-like ZrB2 grains were synthesized at 1550 ◦C by
n situ solid/liquid reaction using Zr and B powders mixed with
ransition metal and Si powder [13].
Mechanical alloying (MA) is a solid-state powder processing
echnique involving repeated welding, fracturing, and re-welding
f powder particles in a high-energy ball mill [14]. Because the
tructural changes and chemical reactions are induced by mechan-
cal energy rather than thermal energy, reactions are possible at
ow temperatures and are non-equilibrium in terms of both micro-
tructures (reﬁned particle and grain sizes down to nanometer
evels) and constitutional effects (formation of supersaturated solid
olutions, intermetallic phases, and amorphous alloys) [14,15].
 series of transition metal borides compounds including CrB2,
bB2, MoB2, and TiB2 were synthesized by high-energy ball milling
f elemental powder mixtures without external heat application
16–18]. Solid solutions of TiB2–ZrB2 and TiB2–HfB2 were obtained
nder an inert atmosphere by high-energy ball milling mixtures of
i/Zr/B and Ti/Hf/B, respectively [19].In this study, the synthesis of ZrB2 powder was performed by
A without ignition of combustion synthesis and heating process.
n order to exhibit the uncontrolled self-ignition reactions, ZrB2
owder was added as dilution. The non-equilibrium phases and
n Ceramic Societies 1 (2013) 304–307 305
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tates of the milled powder are particularly interesting, because the
ompound formation and crystallization are strongly dependent on
oth initial mixture composition and milling conditions. The phase
onversion as well as structural and morphological evolutions of
owders in decelerated MA  was also investigated.
. Experimental
Metallic zirconium powder (99%, 45 m,  Kojundo Chemical Lab.
o., Ltd., Saitama Prefecture, Japan) and amorphous boron powder
99%, 1 m,  ABCR GmbH & Co. KG, Karlsruhe, Germany) were used
s the starting materials. Firstly, a powder mixture of zirconium and
morphous boron in 1:2 molar ratio was milled using a planetary
all mill (Fritsch, Pulverisette 6) for 10–20 h at 250 rpm. Tungsten
arbide vial and tungsten carbide balls with a diameter of 10 mm
ere used. The weight of the mixed powder sample was  about 20 g
nd the ratio of ball weight to powder weight was  10:1. The pow-
er mixture and the balls were placed in the vial in a glove box
lled with argon gas. The milling process was interrupted at reg-
lar intervals. A small amount of the powders was  removed from
he vial in an argon atmosphere in the glove box to get the samples
or characterization. After the completion of the reaction, the syn-
hesized ZrB2 powder was added in another batch of Zr/B powder
ixture with a composition of 85 wt.% (Zr + 2B) + 15 wt.% ZrB2. The
owder mixture was mechanically alloyed by the same procedure
s mentioned above for 10–190 h.
The structures of the mechanically alloyed powders were exam-
ned by means of the X-ray diffractometry (XRD) (Model RINT 2500,
igaku Co., Tokyo, Japan, 40 kV ∼ 300 mA)  using Cu K radiation.
he morphology of the resulting ZrB2 powder was characterized by
canning electron microscopy (SEM) (JSM-6500; JEOL Ltd., Tokyo,
apan) and transmission electron microscopy (TEM) (JEM-2100,
EOL Ltd., Japan).
. Results and discussion
The conversion of Zr/B powder mixture into ZrB2 compound is
hown in Fig. 1. XRD analysis of Zr powder milled for 10 h showed
igniﬁcant peak broadening with all the peaks shifting to higher
ngle. During the early stages of milling, the large starting Zr parti-
les were fractured into small size and the mechanical deformation
as introduced into the powder under the high compressive force.
article size and strain analysis were performed for Zr/B powder
Fig. 1. XRD patterns of the Zr/B powders milled for (a) 10 h and (b) 20 h.
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ixtures after 10 h ball milling using the Williamson–Hall analysis
20] by the following equation:
 cos  = 0.9
t
+ 4ε sin 
here  is the X-ray wavelength (1.5405 A˚) and t is the crystallite
ize (Å),  ˇ is the peak width at half the maximum intensity,  is the
ragg angle, and ε is the strain within the crystal. The result indi-
ated a particle size of ∼72 nm and a compressive strain of ∼0.43%
f the Zr powder. Along with the particle size reduction, the high
nergy milling also led to partial reaction of the precursors, as the
1 0 0) peak of the ZrB2 phase was noticed.
After 20 h of milling, strong XRD peaks for ZrB2 phase appeared,
nd no Zr peak was found, indicating the completion of the reaction.
he sharp peaks for ZrB2 indicate that this phase is well crystal-
ized with a signiﬁcantly large crystallite size. SEM image (Fig. 3(a))
hows that the morphology of the ZrB2 is in sphere shape and the
ean particle size is ∼1 m.  The mechanically induced combustion
as identiﬁed to be responsible for the formation of course ZrB2
owders [19,21,22]. This is because the milling temperature was
ncreased by the milling energy and the released heat associated
ith the highly exothermic reaction between Zr and B. Combus-
ion synthesis (CS) was  initiated when the temperature during the
illing process is higher than the ignition temperature of the reac-
ion, resulting in the grain growth of ZrB2 particles in a very short
ime under the high adiabatic temperature of CS (3246 ◦C).
Fig. 2 shows the conversion of Zr/B/ZrB2 powder mixture into
rB2 compound. After 50 h of milling, the fully developed structure
f ZrB2 is seen. The characteristic XRD peak broadening is due to
he very ﬁne grain size. However, it is clear that the formation of
rB2 was  not completed with a small peak corresponding to Zr. This
esult indicates that the addition of 15 wt.% ZrB2 inhibited the initi-
tion of CS and prolonged the alloying time because of the less heat
ormation. Further increasing the milling time to 70 h, the peak of
r disappeared. SEM image of the Zr/B/ZrB2 powder milled for 70 h
s shown in Fig. 3(b). The powder consists of two  kinds of morphol-
gy. The spherical one with the agglomerate size of 200–500 nm
s corresponded to the ZrB2 powder which was introduced to the
nitial powder mixture, since brittle fracture is a dominant mode
or the crystallite size reﬁnement of ZrB2. The powder with a ﬂaky
hape and a size of ∼1 m can be attributed to the phase formed
y Zr and B during the MA.
During the early stages of milling (<90 h), analysis of XRD pat-
erns showed that the (1 0 0) peak for ZrB2 is higher than the
trongest (1 0 1) peak for the standard pattern of ZrB2. This result
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s consistent with XRD patterns of the Zr/B powders milled for 10 h
hat the ﬁrst diffraction peak appeared was also (1 0 0) peak. It was
eported that the slip plane in zirconium is (1 0 0) plane. The higher
1 0 0) diffraction peak suggests that the formation of ZrB2 may
ave only occurred on the surface of the deformed Zr particles and
hat the ZrB2 may  have been preferentially oriented [11]. Another
xplanation is the partial amorphization which caused the increase
n background in the area under the main (1 0 0) peaks.Under the highly energetic compressive impact forces during
A process, the ductile starting Zr particles were deformed into
latelet-like particles by repeated cold welding and fracturing,
hile the brittle boron particles will fracture rather than plastically
m
a
r
ig. 4. Bright-ﬁeld TEM images and High-resolution TEM images of Zr/B/ZrB2 powder m
owder.ZrB2 powder milled for (b) 70 h, (c) 150 h, and (d) 190 h.
eforming. The heavy plastic deformation can introduce more
train and generate a large number of point defects, which can
odify not only the diffusion behavior but also the chemical order
f the crystalline structure and thus lead to easier amorphization.
ig. 4(a) and (b) shows a selection of the observed milled powders
nder TEM. High resolution TEM shows that dark areas with a size
f ∼5 nm were distributed homogeneously inside of the Zr ﬂake.
he color contrast indicates the phase separation after the ball
illing; however, the SAED pattern conﬁrms that the powder is in
n amorphous state.
As the ball milling proceeds, the powders were continuously
eﬁned. SEM images of the powder after milling for 150 h and 190 h
illed for (a and b) 70 h and (c and d) 190 h. The insets show the SAD pattern of the
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s shown in Fig. 3(c) and (d), no ﬂaky shape particle is left when the
illing time is long enough, while the agglomerate sizes of the
owders also decreased from ∼500 nm to ∼200 nm.  Meanwhile,
s the milling time increased, all the peaks of ZrB2 shift to higher
ngle with a decreasing of background intensity of (1 0 0) peaks as
hown in XRD pattern (Fig. 2). These results indicate the crystal-
ization and a compressive strain existing in the ZrB2 grains after
he high-energy ball milling. Precise particle size and strain calcula-
ions were not possible for this powder using the Williamson–Hall
pproach since the number of distinct peaks was  small. Instead, the
rystallite size is determined by measuring the Bragg peak width
t half the maximum intensity and using the Scherrer formula:
 = 0.9
 ˇ cos 
here d is the crystallite size,  is the CuKa wavelength (1.5405 A˚),
 is the peak width at half the maximum intensity, and  is the Bragg
ngle. From the broadening and positions of the (0 0 1), (1 0 0),
nd (1 0 1) diffraction peaks, the ZrB2 particle size continuously
eceased from ∼14 nm to ∼10 nm when the milling time increased
rom 50 h to 190 h. Observation by TEM (Fig. 4(c) and (d)) con-
rms that the size of these ZrB2 crystallites in the agglomerates
orresponds well with the measured values from the XRD pattern,
oupled with the crystallization of ZrB2 grains as can be seen from
he SAD pattern. This result indicates the nanostructural charac-
er of the ZrB2 formed in the present experimental conditions.
he further milling leads to higher milling energies also produce
ore heat and results in the crystallization of the amorphous
hase.
. Conclusion
ZrB2 powders were synthesized by MA of the mixture of elemen-
al Zr and B powders in argon atmosphere using WC vial and balls.
he effect of the initial composition, the milling time on MA and
he phase changes during MA  were investigated. Well-crystallized
rB2 powder with micrometer size was received by ball milling
he Zr/B powder mixture for 20 h. When 15 wt.% ZrB2 powder was
dded in the Zr/B powder mixture as a diluent, the amorphization
[
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eaction was  observed, the powder converted into ﬁnal stable crys-
allize phase at a longer milling time of 190 h. A ZrB2 crystal size of
10 nm was conﬁrmed by XRD analysis and TEM observation.
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